Background
Introduction
There is concern that people living with HIV (PLHIV) in sub-Saharan African, many of whom live in poverty and lack formal education, may have suboptimal adherence to HIV antiretroviral therapy (ART) [1] [2] [3] [4] . Consistent adherence to ART is necessary to achieve viral suppression, prevent drug resistance, reduce transmission and delay disease progression [5, 6] . Various structural and behavioural factors can lead to low adherence [7, 8] which in turn can result in treatment failure. However, treatment failure can occur unrelatedly to adherence as a result of drug related problems such as drug resistance, poor absorption of medications, inadequate dosing, and drug-drug interactions. Therefore, reliable data on ART adherence are needed to distinguish between the respective contributions of poor adherence and treatment failure on high viral load.
UNAIDS recently set ambitious 90-90-90 targets for the HIV care cascade, with the objective that, by 2020, 90% of all PLHIV will be diagnosed; 90% of those diagnosed will receive sustained antiretroviral therapy (ART); and 90% of those on ART will have undetectable viral loads [9] . In order to achieve the last 90% target, it is important to not only identify those who continue to have detectable viral load despite receiving ART, but also to determine whether viral suppression has failed as a result of poor adherence, or other drug related problems. It is crucial to make this distinction as both causes of failed viral suppression require different solutions.
Self-reports of missed or irregular treatment doses have been used extensively in ART adherence research. They are inexpensive, easy to implement, and can identify patient-specific barriers to adherence [10] . However, self-reports are subject to bias with numerous studies suggesting that participants overstate actual adherence [11, 12] . As a result, studies of ART adherence increasingly incorporate more objective measures into their research, electronic monitoring (MEMS) being the most common. MEMS caps fit standard-sized medication bottles and record the time and date of each opening as a presumptive dose. Data obtained from MEMS are often used in conjunction with self-reports to help determine the level of bias exhibited by the latter [11, 13, 14] . MEMS caps however are expensive ($80-$100 per cap) and thus often impractical, particularly in resource-limited settings. Such caps are also unable to measure whether the patient actually took pills out of the bottle when it was opened, if they took the correct dose, or if they consumed the pill that was taken out. Furthermore, MEMS caps are not compatible with patients using pillboxes or otherwise storing medications outside the capped bottles. Because of their cost, impracticality and inaccuracy, MEMS are particularly unsuitable for use in large-scale population-based surveys. Such surveys are necessary to obtain representative estimates of population-level adherence as well as risk factors for non-adherence among all PLHIV receiving ART.
A promising but comparatively less widely used objective measure of adherence is use of biological indicators. Detecting the presence and concentration of anti-retroviral drugs (ARVs) to determine if all medications are being taken as prescribed has been used successfully as a biomarker of drug adherence [15] and could be considered as a gold standard measure. Due to the development and validation of methods which use dried blood spot (DBS) as a sample matrix, and multiplex LC-MSMS methods that can detect more than one ARV at a time, this approach could be a useful one in measuring progress towards the third of the UNAIDS' 90-90-90 targets. However, use of ARV biomarkers does have some limitations.
First, it may be necessary to test for a number of different ARVs to establish adherence. The majority of people living with HIV who are receiving ARVs in SSA do so under a national ART programme and take the same HAART combination. However, some patients will have unique combinations after failing the recommended first-line regimens. Whilst, some ART regimens are given as fixed dose combinations (FDCs) where detection of one component implies that all components are being taken, in other cases, patients receive separate pills so that ART detection must be expanded to include multiple components in their various combinations (of which there can be more than four). This can have major cost implications as there are no methods that can measure all possible combinations simultaneously.
Second, drug exposure can be affected by drug-drug interactions. Sub-therapeutic levels of NVP can potentially occur, not only from infrequent adherence but also from drug-drug interaction, most commonly with Rifampicin-based TB medication. Rifampicin is a potent inducer of CYP3A4 and an inducer of CYP2C9 [16] [17] [18] . NVP is particularly vulnerable to Rifampicinbased TB treatment [19] . Thai [20] and South African [21] investigators have found sub-therapeutic NVP concentrations in 21%-38% of co-infected patients on Rifampicin-based TB treatment taking standard NVP doses. Due to this drug-drug interaction, patients who are taking TB medication may be found to have sub-therapeutic concentrations of NVP despite adhering well to ART. In contrast, drugs such as Ketoconazole inhibit enzymes that metabolize some ARVs [22] .
Third, though poor ART adherence can account for toxic concentration levels of (say) NVP as well as sub-therapeutic concentrations (since patients may take a large dose to compensate for previous or anticipated future missed doses), the genetic status of patients can also cause NVP concentrations to deviate from normal. NVP is principally metabolized by CYP3A4 and CYP2B6 [23, 24] although CYP2D6 and CYP2C9 may also play a role [25] . A frequent CYP2B6 variant (516G!T) predicts decreased plasma clearance of NVP and increased plasma NVP exposure at steady state [26] [27] [28] . A less frequent CYP2B6 polymorphism, 983C!T, also predicts increased plasma NNRTIs exposure of a similar magnitude [29, 30] . In short, both CYP2B6 516G!T and 983T!C are associated with increased steady-state plasma NVP exposure. Investigation of CYP2B6 516G!T polymorphism in various populations has shown that these alleles are largely absent in Caucasian populations [26, 27] , yet its frequency is as high as >34% in African-Americans and Ghanaians [31] . Both Mehlotra [32] and Dhoro [33] have also found slow metabolism variants of CYP2B6 and CYP3A4 to be particularly prevalent in west Africa. Patients who possess these alleles are still able to achieve viral suppression assuming they adhere to their ART. Similarly, a genetic variant of the enzyme CYP2B6 slows the activity of this enzyme, such that patients who possess it retain high levels of Efavirenz (EFZ). Having consistently high levels of EFZ, in turn, is associated with increased incidence of adverse drug reactions which can in turn increase the risk for poor adherence.
Fourth, results from tests that detect the presence of ART may be more difficult to interpret for some ARVs than for others. The presence of short half-life ARVs such as Lamivudine is more informative than the presence of long half-life ARVs such as EFZ and Nevirapine. This is because it is still possible to detect the presence of the latter several days after their intake, making poor adherence difficult to estimate. Furthermore, blood concentrations of nucleoside analogue inhibitors such as Lamivudine and Zidovudine do not reflect therapeutic concentrations since they are prodrugs; by contrast, the concentrations of non-nucleoside analogue inhibitors, such as EFZ and Nevirapine, do correlate with therapeutic effect. This disconnect between detection and concentration can complicate data interpretation.
In an attempt to address some of these difficulties in using either self-reports or biomarker data separately to measure ART adherence, we used data from a general population survey in east Zimbabwe to:
1. Measure ART adherence based on self-reported data and ARV drug detection; 2. Compare the overall estimates and examine the consistency of results on ART adherence obtained from these two different methods;
3. Construct a new measure of ART adherence which uses biomarker data in combination with self-report data where the former may be particularly unreliable; and 4. Assess the plausibility of this new combined measure by examining observed socio-demographic patterns of adherence.
Data and Methods
Data for this study were taken from the 
manicalandhivprojec t.org/data-collection-team.html).
Authors S.Gregson, C. Nyamukapa and A. Takaruza are affiliated with the Manicaland project and oversaw data collection during this time. In addition to completing a questionnaire, study participants also provided DBS, these were subject to HIV sero-testing and examined for the presence and concentrations of anti-retroviral drugs. Written informed consent was obtained from each study participant. Ethical approval for the Manicaland Project was obtained from the Medical Research Council of Zimbabwe and the Imperial College Research Ethics Committee. DBS provide several advantages over conventional whole blood, plasma or serum sample collection [36] [37] [38] . The method is less invasive as only a small volume is required. DBS are taken from finger or heel prick as compared to conventional venous cannula. It is cheaper than collecting whole blood samples, requires simple storage and is easier to transfer as no freezers or dry ice are required. The dried blood matrix stabilizes many analyses and reduces the infection risk of HIV/AIDS and other infectious pathogens.
Self-reported ART adherence
All survey participants provided information on their adherence to ART. Reportedly taking medication regularly regardless of whether they are feeling unwell or not, and not having stopped or forgotten to take this medication is seen as good evidence of self-reported adherence.
Biomarker-based ART adherence
When the data were collected, the most common treatment for HIV was Stelanev (Nevirapine-NVP, Stavudine-d4T and Lamivudine-3TC)-an FDC. Those who did not tolerate this regimen or who were on co-treatment for TB were usually prescribed EFZ in place of NVP or were given combinations containing other drugs such as Zidovudine (AZT) as non-fixed dose combinations.
In this study, an LC-MSMS method for the detection of ARVs in DBS samples was developed according to the method of R ter Heine et al. [39] with minor modifications. DBS were punched out of a collection paper with a 0.25nm in diameter punch. The analytes were extracted from the punched-out disc using a mixture of acetonitrile, methanol and 0.2M zinc sulphate in water (1:1:2, v/v/v) containing the internal standard Ritonavir. Ritonavir was used as an internal standard as it is highly unlikely that patients would take ritonavir with either NVP or EFZ. 25 μL (microLitres) of the extract was injected onto the Waters Symmetry reversed-phase C18 column (50mm x 2.1mm-ID, 5μm) for separation from endogenous compounds. The analytes were quantified using a triple quadrupole mass spectrometer (API3000 Sciex). Due to poor peak resolution in some runs, some samples had ARVs determined either simultaneously or individually. The analytical run time was 3 mins with AZT, 3TC, NVP, EFZ and Ritonavir eluting out at 0.700, 0.763, 0.817, 0.615, 0.906 minutes respectively. All ARVs were analysed in the positive mode except EFZ which was analysed in negative mode in Multiple Reaction Monitoring mode (MRM). The target was to detect at least one ARV in each sample as a measure of adherence. In some samples, two or three ARVs were determined.
New measure of ART adherence using biomarker data combined with self-report data A three-category measure of ART adherence was produced based on drug presence and concentration of NVP. Poor adherence was defined as those with only one or no ARVs detected. Good evidence of adherence was defined as having non-therapeutic levels of NVP and at least one other ARV detected (non-therapeutic levels of NVP suggest that the participant is either not taking ART regularly or is taking an increased dose). Excellent adherence was defined as having therapeutic levels of NVP and at least one other ARV detected. In constructing this measure, the therapeutic range for NVP concentrations was taken to be 2-10 ug/ml, with concentrations below 2ug/ml treated as sub-therapeutic and those above 10ug/ml treated as potentially toxic. Individuals with extremely high concentrations of NVP may be adhering well but possess slow metabolism variants of CYP2B6 and CYP3A4. To account for this, we constructed a new combined measure of ART adherence in which we assumed that those with highly toxic concentrations of NVP (>20 ug/ml), at least one other ARV detected, and self-reported good adherence had therapeutic levels of NVP. In addition, we assumed that participants with subtherapeutic levels of NVP who reported taking TB medication and adhering well to ART were actually adhering to NVP but experiencing a drug-drug interaction.
Social-demographic patterns of adherence
Demographic and socio-economic data from this survey were used to assess the plausibility of patterns of association between age, gender, socio-economic status, social capital, religion, marital status and area type and ART adherence in Manicaland using the new combined measure of adherence. Respondents socio-economic status (SES) was captured using a combined, four category measure of sellable and non-sellable assets created by Schur et al. [40] . Data on religion was categorised according to Manzou's [41] grouping of Manicaland churches, where churches were grouped as 'Christian', 'Spiritual', 'Traditional' and 'Other'. Finally, social capital was measured in the study as being the number of well-rated community groups that a respondent belonged to [42] .
Bivariate analysis was conducted to test for associations between each of these socio-demographic variables and the combined measure of ART adherence. Then variables associated with adherence at p<0.1 were all included in a multivariable, multinomial logistic regression (poor adherence was used as the reference category).
Results

Self-reported adherence
Analysis was restricted to 607 survey participants who were diagnosed as HIV-positive in the study and answered 'yes' to the question, Have you ever taken any drugs yourself that stop HIV causing AIDS? 93.3% (n = 566/607) reported adhering to their ART regimen. These participants were also asked to specify whether they were taking ARVs or Cotrimoxazole. As shown in Table 1 , 101 respondents reported taking Cotrimoxazole, 47 of whom had no trace of ARV medication in their blood sample. Cotrimoxazole can be taken prior to and/or during ART, which may have caused some confusion amongst respondents when answering this question. It is likely that the 54 respondents who reported taking Cotrimoxazole and had ART present in their blood sample were initiated onto Cotrimoxazole and had transitioned onto ART. The 47 respondents who reported taking Cotrimoxazole and had no trace of ART in their blood sample had likely yet to begin an ART regimen and, therefore, were excluded from the subsequent analysis.
After making this adjustment, 94.3% (n = 528/560) of the sample were reportedly adhering to their medication-they take this regularly (not just when they feel unwell), have never stopped for long periods, and do not occasionally forget a dosage.
Biomarker-based ART adherence
No ARVs were detected in 7.3% (n = 41) of the sample. Only NVP was detected in 8.2% (n = 46), and only either AZT or 3TC (no NVP) was detected in 15.2% (n = 85). NVP and the presence of 3TC or AZT were detected in 69.3% of the sample (n = 388/560). Overall, results of DBS analysis showed that 92.7% (519/560) of the sample had at least one ARV present. EFZ was not found in any of the eligible blood samples; which was as expected since NVP was still widely prescribed in eastern Zimbabwe during the period of data collection.
Whilst the proportion adhering based on biomarkers was similar to that for self-reported adherence, we found no relationship between self-reported adherence and presence of ARV medication. As shown in Table 2 , of the 32 participants who self-reported poor adherence, only 3 (9.4%) had no drugs present. Furthermore, 38 (7.2%) of those who reported good adherence were found to have no drugs present. ART adherence using biomarker data combined with self-report data
Excluding cases where NVP levels were found to be outside the normal therapeutic range but before accounting for the effects of possible genetic factors and drug-drug interactions, the combined measure of ART adherence yielded estimates of between 45% (good adherence) and 69% (excellent adherence) (as shown in Table 3 ). NVP was detected in 77.5% (434/560) of the DBS samples; of these, 63.1% (274/434) had therapeutic concentrations. The observed distribution of NVP concentrations is shown in Fig 1. We then created an amended measure of adherence by identifying participants who were potentially adhering well to their medication, but had non-therapeutic concentrations of NVP as a result of an interaction with TB medication, or a genetic defect. In our investigation to identify the latter, we found 47 participants had toxic levels of NVP (>10ug/ml), of whom, 20 had extremely high concentrations (>20 ug/ml), likely a result of poor drug absorption. 18 of these 20 participants had at least one other ARV detected and self-reported good adherence, suggesting that, aside from having unusually high levels of NVP, they were adhering to their ART. For our amended measure therefore, these 18 participants were assumed to be experiencing poor drug absorption as a result of genetic defects and were reclassified from good to excellent ART adherence. In our investigation to identify potential drug-drug interactions, we found 25 participants with sub-therapeutic levels of NVP who reported adhering well and taking TB medication; these cases were also reclassified from good to excellent ART adherence.
Following these adjustments, the amended measure of adherence (Table 3) , combining data on drug presence and concentration with self-reported data, yielded estimates of adherence between 53% (good adherence) and 69% (excellent adherence).
Socio-demographic patterns of adherence based on the combined biomarker and self-report measure of adherence Using the combined measure of adherence that attempts to account for biomarker inaccuracies, in a bivariate analysis, we found that better adherence was associated with older ages, female gender, Christian religion, residence in an agricultural estate or in or close to an urban/ peri-urban area, and higher SES (Table 4) . Those who adhered well had a higher proportion of participants who belonged to the top two SES quintiles than those with poor adherence (Fig 2) . Multinomial regression (Table 5) We replicated the analysis in Table 5 using the un-amended biomarker measure of adherence to compare results obtained from both measures of adherence. In our examination of these findings we find no significant changes to the patterns of association, likely due to the relatively small overall sample size and number of re-classifications.
Discussion
The biomarker data obtained for this study were assessed for their ability to provide an accurate alternative to self-reported adherence. Although certainly more accurate than selfreported adherence, biomarker data indicating drug presence and concentrations within DBS samples are susceptible to the effects of drug-drug interactions and host genetic defects. Upon examination of the data, self-reported adherence was found to be extremely high, as was the proportion of the sample who had detectable ARVs. However, no relationship was found between those who had no detectable ARVs and those who reported poor adherence. A three-category measure of ART adherence was then produced based on ARVs detected and NVP concentration. This estimated adherence at 45%-69%. We also tentatively proposed a means of incorporating self-reported data with the biomarker data to avoid misclassifying people who adhere to their regimen but are unable to adequately metabolize ARVs. In doing this, 25 people were identified as having potential drug-drug with their TB medications, and 18 were identified as having host genetic defects. Accounting for these issues produced a potentially more accurate measure which estimated adherence at between 53% and 69%, suggesting that self-reported data, and to a lesser extent biomarker data, may have overestimated adherence. The finding that adherence has been over reported is in line with previous studies which indicate that self-reported adherence is heavily biased.
Results of bivariate and multinomial multivariate logistic regression analyses showed that men, younger participants, and participants with lower SES were more likely to adhere poorly to their ART medication. Results also indicated that church denomination and area type were significantly related to adherence. Apostolic churches stress faith healing and discourage medical treatments so it is plausible that members would have poorer adherence. Residents of farming and rural villages were less likely to adhere well to their ART medication than those in more urban areas. This could be because those in urban areas, particularly towns, have better access to health services [43] . Additionally, if residents of tea/forestry estates are too ill to work, they may be at risk of losing their job, and with it, their home. This may motivate such residents to adhere well to their ART regimen. These findings are highly plausible, providing initial support for the validity of our combined measure, although further validation is required to confirm its utility.
One limitation of this study is that the combined measure of adherence still relies on selfreport data to an extent. However, the most important self-report data used (on taking TB medication) may not suffer from less bias than self-reported ART adherence. We also acknowledge the lack of certainty regarding the amendments made to our measure of adherence which account for drug interactions and genetic factors (particularly the latter). The extent to which the sample exhibits genetic abnormalities which interfere with the metabolism of EFZ and NVP ideally would be confirmed through further genetic testing that we were not able to conduct in this study. In a sense, these findings are outdated, as NVP has largely been replaced by EFV in current regimens, however, these findings are relevant to a wide range of possible treatments. For example, EFZ can also be affected by similar genetic factors and is also vulnerable to drugdrug interactions (particularly treatment for hepatitis C), and, as such, could by accounted for in the same way this study has done with NVP and TB medication.
Finally, we found that, for some participants, there was confusion over whether they were receiving ART, Cotrimoxazole, or both. Patients in Manicaland may not be given enough information regarding their ARVs and, as a result, may be unable to make the distinction between ART and Cotrimoxazole. At the time these data were collected, Cotrimoxazole was given to those diagnosed but ineligible for ART according to WHO clinical staging. Some were later given ART in addition to Cotrimoxazole (for opportunistic infections), or transitioned onto ART when they become eligible, possibly with little to no explanation. Particularly for residents with poor access to further information regarding their regimen, Cotrimoxazole may have become synonymous with ART treatment in Manicaland. Therefore, it is important that health personnel fully inform their patients about their medication and specifically why they are being put onto Cotrimoxazole and/or ART after testing positive. This may help to reduce patient confusion and improve future efforts to measure ART adherence.
We acknowledge that of the 18 people who were reclassified under the assumption that their high levels of NVP were a result of genetic defect, some may simply have been taking too much of their medication. However, given the unusually high levels of NVP, and the prevalence of genetic factors amongst the population we propose that those with highly toxic concentrations of NVP (>20 ug/ml), at least one other ARV detected, and self-reported good adherence are potentially adhering well but are unable to properly metabolise NVP. This can potentially be confirmed with the use of MEMS in future studies. In the introduction of this paper, MEMS was deemed to be an unsuitable method of measuring adherence in large-scale general population surveys, mostly for reasons of cost. However, MEMS could be used to measure adherence in smaller subgroups identified using our proposed combined measure of adherence. Measuring adherence levels in this subgroup with MEMS could help to determine the likelihood of genetic factors interfering with drug metabolism.
Overall, this research demonstrates that biomarker and self-reported measures of adherence can be combined in a meaningful way to produce a potentially more accurate measure of ART adherence. Results of this analysis indicate that Manicaland, in the period the study was conducted, good evidence of adherence estimated at between 54% and 69%. Increased efforts are needed to improve ART adherence particularly amongst the young male population in rural areas of east Zimbabwe, if the area is to meet these UNAIDS' targets by 2020.
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